3 2 3 a r t i c l e s miRNAs are single-stranded RNA of 19-24 nucleotides that are predicted to regulate up to 30% of protein-encoding genes. miRNA have been implicated in a vast array of cellular processes including cell differentiation, proliferation and apoptosis 1 . miRNA repertoires are highly cell type specific and change markedly during development or upon cell activation 2 . Changes in miRNA expression profile have been linked to human pathologies such as cancer and neurodegenerative diseases 3 . In the nucleus, primary RNA polymerase II transcripts (pri-miRNA) containing imperfect hairpin structures are cleaved by the microprocessor complex, composed of the ribonuclease (RNase) III Drosha and its RNA-binding partner DGCR8. The resulting processed stem-loop structure of ~65 nucleotides, called a pre-miRNA, is recognized by exportin-5 (XPO5) 4-6 and transits to the cytoplasm, where it is then cleaved by the ATP-dependent RNase III Dicer. Dicer generates a small duplex of 19-24 bp containing mismatches, called miRNA/miRNA*. The guide miRNA strand is incorporated into the RNA-induced silencing complex (RISC) containing the Argonaute proteins (Ago1-Ago4) as core components, while the miRNA* is degraded. Ago-bound miRNA serves as a guide to specifically recognize cellular mRNA so as to either induce their degradation and/or inhibit their translation 7 .
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Dicer is a key component of the miRNA pathway. Even though it is well known that Dicer is ubiquitously expressed among many cell types, deregulation of its expression may result in miRNA biogenesis defects in specific cellular contexts. Recently, several studies have reported a modulation of Dicer expression in cancer cells. This regulation can be transcriptional: upon melanocyte differentiation, Dicer expression is induced through the binding of master transcriptional regulator MITF on Dicer promoter 8 . Dicer regulation can also be post-transcriptional. Dicer mRNA can be targeted by specific miRNAs: in human lung cancers, let-7 miRNA is upregulated and targets Dicer 3′ UTR region 9 ; in breast cancers, miR-103/107 family expression is associated with metastasis and a poor outcome in patients, as these miRNAs target and inhibit Dicer expression, causing a global miRNA downregulation 10 .
Here, we investigate the regulation of Dicer expression in human cells. We describe a new regulatory mechanism for Dicer expression involving competition for XPO5 binding between Dicer mRNA and short hairpin RNA such as pre-miRNA, shRNA or viral RNA.
RESULTS

Exportin-5 controls Dicer expression post-transcriptionally
In an attempt to deplete the cellular miRNA content, we separately knocked down three key components of the miRNA pathway in HeLa cells-XPO5, Dicer and Drosha-using sequence-specific siRNAs. As expected, the targeted proteins were specifically inhibited by their respective siRNA (Fig. 1a) ; surprisingly, however, Dicer expression was also abolished upon transfection of siRNA targeting XPO5 (siXPO5; Fig. 1a) . We ruled out an off-target effect because Dicer levels were similarly reduced after transfection of three additional siRNA designed against other regions of XPO5 messenger (Supplementary Fig. 1a) . Moreover, this effect was specific to Dicer because siXPO5 had no effect on Drosha or on the P-body component DDX6; Fig. 1a) . Conversely, XPO5 overexpression increased the a r t i c l e s level of cellular Dicer (Fig. 1b) , consistent with previously reported enhancement of RNA interference in XPO5-overexpressing cells 11 . To assess whether XPO5 controls Dicer expression at the mRNA level, we analyzed transcript levels by quantitative RT-PCR (qRT-PCR; Fig. 1c ) and northern blotting (Supplementary Fig. 1b ) in the samples shown in Figure 1a . Dicer mRNA quantification was assessed using three sets of primers covering different regions of the messenger (Supplementary Fig. 1c ). As expected, Dicer mRNA levels were reduced in cells treated with Dicer-specific siRNA. However, they remained unaffected upon siXPO5 treatment (Fig. 1c and Supplementary Fig. 1c ). Together these results show that XPO5 regulates Dicer expression post-transcriptionally.
XPO5 is a member of the karyopherin family that is required for the transport from nucleus to cytoplasm of specific classes of small RNAs 4,5,12-14 and double-stranded RNA-binding proteins 15, 16 . XPO5 docks and translocates specific RNA cargoes through the nuclear pore complex, in an export process dependent on a RanGTP-RanGDP gradient across the nuclear membrane 17 . Only three classes of cellular RNA-tRNA, Y-RNA and miRNA precursors (pre-miRNAs)-are known to transit through XPO5. Small nuclear (sn) RNAs (U1-U5) and some cellular RNAs containing AU-rich elements depend on CRM1 for nuclear export or maturation, whereas tRNA is exported mainly through exportin-t (reviewed in refs. 17, 18) . In contrast, cellular mRNAs transit as ribonucleoprotein complexes through the TAP-p15 (also called NXF1-NXT1) complex in a RanGTPindependent manner. To test whether XPO5 knockdown compromises the nucleocytoplasmic distribution of Dicer mRNA, we extracted total mRNA from the cytoplasm or the nucleus 19 . We assayed levels of Dicer transcripts by qRT-PCR in siXPO5-treated cells and in control cells treated with scrambled siRNA. The analysis revealed that knockdown of XPO5 causes accumulation of Dicer mRNA in the nucleus (Fig. 2) . By contrast, the subcellular distribution of GAPDH mRNA, which transits through the Tap-p15 pathway, remained unchanged.
Dicer mRNA interacts with exportin-5 in vivo and in vitro
On the basis of these results, we hypothesized that XPO5 could be the cellular karyopherin responsible for Dicer mRNA nuclear export. To analyze whether Dicer mRNA interacts with XPO5 in vivo, we developed an immunoprecipitation assay to specifically recover RNA associated with each of the three major cellular export pathways (Supplementary Fig. 2 ). XPO5 interactions reported to date are RanGTP dependent 14, 20, 21 . Thus, in order to increase and stabilize specific interactions, we added nonhydrolyzable RanQ69L-GTP to the immunoprecipitation buffer. We then subjected selected RNAs associated with CRM1, XPO5 or TAP-p15 immunoprecipitates ( Fig. 3a) to qRT-PCR analysis. As expected, U3, a small nucleolar (sno) RNA whose intranuclear transport to the nucleolus depends on CRM1 (ref. 22) , was specifically immunoprecipitated with CRM1 ( Fig. 3a, top left) , pre-miR-16 with XPO5 (Fig. 3a, top right) , and GAPDH mRNA with TAP-p15 (Fig. 3a, lower left) . Dicer mRNA was specifically found in XPO5 immunoprecipitates (Fig. 3a , lower right), indicating that Dicer mRNA interacts with XPO5 in vivo. Electrophoretic mobility shift assays (EMSA) provided in vitro confirmation for a direct Dicer mRNA-XPO5 interaction 20 . We incubated in vitro-synthesized radiolabeled Dicer mRNA with increasing amounts of recombinant XPO5 and RanQ69L-GTP and followed this by treatment with RNaseT1 and RNase A. Analysis by nondenaturing acrylamide gel electrophoresis showed that Dicer mRNA was protected in a XPO5 dose-dependent manner (Fig. 3b) . Notably, preincubation of XPO5 with increasing amounts of unlabeled pre-miR-30, a known substrate for XPO5, decreased the amount of protected Dicer mRNA in a dose-dependent manner (Fig. 3b) , demonstrating the specificity of Dicer mRNA and XPO5 interaction. Conversely, preincubation of XPO5 with increasing amounts of unlabeled Dicer mRNA inhibited pre-miR-30-XPO5 complex formation in a dose-dependent manner (Fig. 3c) . This effect was specific to Dicer mRNA, as the same amounts of GAPDH mRNA had no effect (Fig. 3c) . As previously described for XPO5 partners, the interaction between Dicer mRNA and XPO5 depended on the presence of RanQ69L-GTP both in vivo (Supplementary Fig. 3a ) and in vitro (Supplementary Fig. 3b ). Taken together, these experiments strongly suggest that XPO5 is the karyopherin responsible for the nuclear export of Dicer mRNA.
Overexpression of small RNA decreases Dicer protein level
The above data show that Dicer mRNA binds specifically to XPO5, as previously reported for pre-miRNA 23 and adenoviral VA RNA I (VA1) 14 . Because intracellular expression levels of XPO5 are limiting, it can be saturated by overexpression of its substrates in vivo 24 and in vitro 25 . We therefore tested whether pre-miRNA or VA1 could outcompete Dicer mRNA for endogenous XPO5 amounts and, consequently, decrease Dicer protein levels. For this purpose, we transfected HeLa cells with increasing amounts of plasmids expressing either pre-miR-30 (Fig. 4a) or VA1 (Fig. 4b) or the corresponding empty plasmids (pSuper or pVV2, respectively) and analyzed Dicer Fig. 4a, left) and VA1 (Fig. 4b, left) overexpression decreased Dicer levels in a dosedependent manner. At the highest saturating dose of pre-miRNA or VA1, cell extracts were immunoprecipitated using antibodies to CRM1, XPO5 or TAP, or a control isotype IgG, and Dicer mRNA was quantified by qRT-PCR. Pre-miR-30 and VA1 overexpression decreased the levels of XPO5-bound Dicer mRNA and pre-miR-16 ( Fig. 4a,b, right; Supplementary Fig. 4) . However, overexpression of pre-miR-30 and VA1 had no effect on the amounts of U3 snoRNA and GAPDH mRNA recovered from CRM1 and TAP immunoprecipitates, respectively ( Supplementary Fig. 4) . Thus, saturation of XPO5 by pre-miRNA or VA1 diminished its association with Dicer mRNA, and consequently decreased Dicer protein levels in cells. Taken together, our data show that Dicer levels are tightly regulated by XPO5, through direct interaction between XPO5 karyopherin and Dicer mRNA.
Exportin-5 inhibition enhances viral infection
Modulating the available level of XPO5 offers a simple and efficient cross-regulatory mechanism in which high expression of pre-miRNA could outcompete Dicer mRNA, preventing its export and translation and thereby regulating miRNA levels in the cell. This feedback mechanism might thus contribute to balance out Dicer and pre-miRNA levels. We therefore assessed whether the level of Dicer protein would be affected in a pathologic situation such as adenoviral infection. During adenoviral replication, VA1 and VA2 RNA are produced in large amounts and accumulate in infected cells, reaching up to 20% of cellular RNA 26 . We thus compared the effect of adenovirus infection using a wild-type virus (Ad5) or a mutant from which both VA structures had been deleted (Ad720) on Dicer protein level (Fig. 5a) . (a) HeLa cell extracts were subjected to immunoprecipitation using IgG (control) or antibodies to CRM1, XPO5 or TAP-p15 in the presence of RanQ69L-GTP. Fractions of the unbound (FT) material and immunoprecipitates (IPs) were analyzed by western blotting using specific antibodies ( Supplementary Fig. 2 ), and the rest of the IPs were used for RNA extraction. Purified RNA were reverse transcribed and subjected to qRT-PCR using specific primers for U3 snoRNA, pre-miR-16, GAPDH mRNA and Dicer mRNA.
(b) Electrophoretic mobility shift assay using a radiolabeled Dicer mRNA probe (see Online Methods). Complex was formed in the presence of increasing amounts of recombinant XPO5 and RanQ69L-GTP (lanes 1-7). Complexes were subjected to treatment with RNase and analyzed on nondenaturing 5% acrylamide/TBE gels. Increasing amounts of unlabeled pre-miR-30 (10, 50, 250 ng) were used as specific competitor. Both binding assays were carried out in the presence of RanQ69L-GTP to increase specificity ( Supplementary Fig. 3 ). Figure 4 Overexpression of pre-miRNA or adenoviral VA1 RNA affects Dicer protein levels in cells. (a) HeLa cells were transfected with XPO5-or Dicer-specific siRNA, empty vector, or increasing amounts of a vector expressing pre-miR-30. Dicer and tubulin expression were analyzed by western blot (left), CRM1, XPO5 or TAP-p15 were immunoprecipitated from cell extracts and associated RNAs were extracted. Recovered RNAs were subjected to qRT-PCR to quantify U3 snoRNA, U6 snRNA, pre-miR-16 and GAPDH mRNA, as controls ( Supplementary Fig. 4 ), as well as Dicer mRNA. (b) As in a except that cells were transfected with either empty vector (pVV2) or increasing amounts of plasmid expressing VA1 RNA (pVA1).
a r t i c l e s
Ad5 mediates a reduction of Dicer protein level (Fig. 5a) , without affecting Dicer mRNA levels (Fig. 5b, left) . This downmodulation is correlated with increased amounts of VA RNA (Fig. 5b, right) . In contrast, Ad720 had no effect on Dicer levels (Fig. 5a,b) . Together, these results clearly show that viral associated RNAs, massively produced at the late stage of adenovirus infection, are able to knockdown Dicer expression by saturating XPO5 and preventing nuclear export of Dicer mRNA. In order to evaluate whether this function provides an advantage for the wild-type adenovirus, we also assessed the kinetics of replication for both viruses. After infection, we purified genomic DNA, quantified adenoviral DNA by qPCR, and normalized DNA levels to those of GAPDH DNA. As previously described 27 , the virus was deleted for both VA replicates slowly compared to wild-type virus (Fig. 5c) . We therefore asked whether Ad720 replication could be rescued by reducing XPO5 expression. To determine this, we transfected HeLa cells with siXPO5 for 48 h and then infected them with Ad720. As a control, cells transfected with scrambled siRNA were infected with Ad720 or Ad5. Adenoviral replication was quantified after 12, 24, 36 and 48 h (Fig. 5c) . XPO5 knockdown enhanced Ad720 replication to levels comparable to those for the wild-type virus. Inhibition of XPO5 could thus complement VA deficiency. Notably, knockdown of Dicer also complements Ad720 replication to wild-type levels (Fig. 5d) . Taken together, these experiments show that adenovirus targets the regulation of Dicer expression by XPO5 for optimal replication.
DISCUSSION
In this study we describe a previously unknown cross-regulation between two essential mediators of small RNA-mediated silencing: pre-miRNA and Dicer. Three salient points emerge from our study. First, the observation that overexpression of pre-miRNA decreases Dicer level (Fig. 4a) , suggests that this cross-regulatory mechanism may contribute to the homeostatic control of miRNA biogenesis, similarly to the recently described post-transcriptional cross-regulation between the two subunits of the microprocessor complex, Drosha and DGCR8 (refs. 28,29) . These results suggest that a cross-regulatory mechanism exists between the key proteins involved in RNAi. In support of this, we observed that knockdown of Dicer leads to an increased level of Drosha (Fig. 1) by an unknown mechanism. Saturation of XPO5 has been described in vivo in mice treated with high doses of shRNA vector 24 . They show signs of severe toxicity and ultimately die within a month 24 . Morbidity was associated with downregulation of liver-derived miRNA. This observation was attributed to saturation of XPO5 resulting in reduced pre-miRNA export. We provide evidence that XPO5 saturation decreases not only pre-miRNA export as previously described 4, 24 , but also Dicer expression. Second, regulation of Dicer mRNA by XPO5 may be exploited by viruses to modulate cellular miRNA expression and overcome RNA interference. Indeed, viruses that produce small, highly structured RNA able to bind and saturate XPO5 may inhibit Dicer expression, thus preventing the maturation of viral RNAs to small noncoding RNAs (miRNAs or siRNAs). Targeting of mRNA export pathways upon viral infection has been documented. Influenza A virus, through its NS1 viral protein, inhibits the TAP-p15 export pathway. The reduction of mRNA export leads to a higher permissivity of cells to influenza virus replication 30 . Third, the finding that XPO5 interacts with and regulates Dicer mRNA expression opens up the possibility that other cellular mRNAs could interact with XPO5. Although structural determinant responsible for the recognition of short hairpin RNAs by XPO5 have been precisely defined, XPO5 is able to mediate the nuclear export of some unspliced mRNA lacking such a structural motif 31 . This may uncover a new gene-regulatory mechanism involving mRNA export through the limiting XPO5 pathway.
METHODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/nsmb/. 
